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PhospholipidPhosphatidylglycerophosphate (PGP) synthase, encoded by PGP1 and PGP2 in Arabidopsis, catalyzes
a committed step in the biosynthesis of phosphatidylglycerol (PG). In this study, we isolated a
pgp1pgp2 double mutant of Arabidopsis to study the function of PG. In this mutant, embryo devel-
opment was delayed and the majority of seeds did not germinate. Thylakoid membranes did not
develop in plastids, mitochondrial membrane structures were abnormal in the mutant embryos,
and radiolabeling of phospholipids showed that radioactivity was not signiﬁcantly incorporated
into PG. These results demonstrated that PG biosynthesis is essential for the development of
embryos and normal membrane structures of chloroplasts and mitochondria.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction (MGDG), digalactosyldiacylglycerol (DGDG) and sulfoquinovosyl-Phosphatidylglycerol (PG) is a ubiquitous membrane phospho-
lipid synthesized by a pathway shared in prokaryotes and eukary-
otes [1–3]. As the ﬁrst step in PG biosynthesis, the primary
precursor (glycerol 3-phosphate) is acylated to phosphatidic acid
(PA) through a two-step acylation. The synthesized PA is converted
to CDP-diacylglycerol by CDP-diacylglycerol synthase, and then to
phosphatidylglycerophosphate (PGP) by PGP synthase. The ﬁnal
step of PG biosynthesis is the dephosphorylation of PGP catalyzed
by PGP phosphatase. PGP synthase catalyzes the committed step of
PG biosynthesis.
In photosynthetic organisms, PG is primarily localized in thyla-
koid membranes of chloroplasts, which is the primary site of
photosynthetic processes [4]. Thylakoid membranes are structur-
ally composed of glycolipids, monogalactosyldiacylglyceroldiacylglycerol (SQDG), as well as a phospholipid, PG. PG is the only
major phospholipid in thylakoid membranes, and is known to play
an important role in photosynthesis [4,5].
To explore the role of PG in thylakoid membranes of cyanobac-
terial cells and chloroplasts, mutants with altered PG biosynthesis
were isolated and characterized [6–10]. In cyanobacteria, disrup-
tion of pgsA, which encodes PGP synthase, inhibited cell growth
in the absence of PG in the growth medium, and resulted in loss
of photosynthetic activity [6]. Disruption of the PGP phosphatase
gene also decreased photosynthetic activity and chlorophyll
content [10]. These ﬁndings demonstrate that PG is required for
cyanobacterial growth and plays an important role in
photosynthesis.
In Arabidopsis, PGP synthase is encoded by PGP1 and PGP2 [11]
(Supplementary Fig. S1). pgp1–1 with a point mutation in the PGP1
gene was isolated previously [8]. PG content in the mutant
decreased to 70% compared to the wild-type, and the mutant
showed pale green leaves and reduced photosynthetic activity.
Other mutants (pgp1–2, pgp1–3 and pgp1–4) carrying a T-DNA
insertion in the PGP1 gene were also isolated [7,9]. In the pgp1–2
and pgp1–4 mutants, PG content in leaves decreased to 12% and
15%, respectively, compared with the wild-type. Both mutants
showed pale yellow-green leaves, and the development of
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[7,9]. These ﬁndings demonstrated that PG synthesized through
the PGP1-dependent pathway is required for the development of
green leaves and chloroplasts with well-developed thylakoid
membranes. As described above, the function of PG synthesized
by the PGP1-dependent pathway has been studied using pgp1 mu-
tants. However, a pgp2 mutant has not been isolated and the func-
tion of PG synthesized through the PGP2-dependent pathway
remains unknown. Here, we report the isolation of a pgp2 mutant
and its characterization to increase our understanding of the func-
tion of PG synthesized through the PGP2-dependent pathway. We
have also constructed a pgp1pgp2 double mutant, which is com-
pletely defective in PG biosynthesis. Characterization of these mu-
tants revealed novel functions of PG in Arabidopsis.
2. Materials and methods
2.1. Plant materials and growth conditions
pgp1–2 was isolated by Hagio et al. [7], as described previously.
A T-DNA tagged line (FLAG_498D04) carrying a T-DNA insertion in
the PGP2 gene was obtained from INRA [12]. Seeds were surface-
sterilized and sown on Murashige and Skoog (MS) medium
containing 1% sucrose and 0.3% phytagel [13]. After cold treatment
for 3 days at 4 C in the dark, plates were transferred to a growth
chamber and incubated at 23 C under continuous illumination of
50 lmol m2 s1.
2.2. Intracellular localization of PGP2
The plasmid Pro35S::PGP2-TagRFP (constructed as described
below) was used to express TagRFP (Evrogen) fused to PGP2 at
the N-terminus and investigate the intracellular localization of
PGP2. PGP2 cDNA was ampliﬁed using RT-PCR with the primers
50-ACGCGTCGACATGGGTGAAGAAGACA-30 and 50-TCTCTAGACTTC
TTTAGCAGTACTCTCCATATCTT-30. The nucleotide sequences
including a SalI site and an XbaI site, respectively, were added to
the 50 end of each primer. The ampliﬁed DNA was digested by SalI
and XbaI and ligated into the SalI–XbaI site of pUC18-35S-TagRFP,
which was constructed using pUC18 by introducing the 35S
promoter and NOS terminator into the 50 and 30 ends of the coding
region of TagRFP, respectively. Another plasmid (Pro35S::mGFP6-
HDEL) was constructed using overlap extension PCR [14]. The con-
structed plasmid was used to express mGFP6 [15] fused to a signal
peptide of pumpkin 2S albumin [16] at the N-terminus and an ER
retention signal (HDEL) at the C-terminus. Protein expressed from
this plasmid was used as an ERmarker. A DNA fragment encoding a
signal peptide from pumpkin 2S albumin was ampliﬁed by PCR
using the primers 50-GTACGGATCCATGGCCAGACTCACAAGCATCA
TT-30 (F1) and 50-TTCTCCTTTACTCATGGTGCGGTAGGCGTACGCA
T-30 (R1). The nucleotide sequence including a BamHI site was
added to the 50 end of the F1 primer. A DNA fragment encoding
mGFP6 fused to an ER retention signal at the C-terminus was also
ampliﬁed using the primers 50-ACGCCTACCGCACCATGAGTAAAGG
AGAAGAAC-30 (F2) and 50-GAAAGCGGCCGCTTAAAGCTCATCATG
TTTGTATAGTTCA-30 (R2). The underlined nucleotide sequence in
the F2 primer is complementary to that of the R1 primer for over-
lap extension PCR. In the R2 primer, the nucleotide sequences
including a NotI site and a sequence encoding an ER retention sig-
nal were added to the 50 region. To combine the ampliﬁed DNA
fragments, they were mixed and used as templates for the ﬁnal
PCR with the primer set F1 and R2. The obtained PCR fragments
were digested by BamHI and NotI, and ligated into the BamHI–NotI
site of pUC18-35S-TagRFP. Digestion with BamHI and NotI removed
a coding region for TagRFP in pUC18-35S-TagRFP.The constructed plasmids were introduced into onion epider-
mal cells using particle bombardment, as described previously
[17]. The epidermal cells were observed using confocal laser
scanning microscopy (C2, Olympus). Excitation wavelengths were
488 nm for mGFP6 and 561 nm for TagRFP. Fluorescence images
were collected through the FITC ﬁlters for mGFP6 and Texas Red
ﬁlters for TagRFP.
2.3. Observation of embryos in developing seeds
Seeds were collected from developing siliques after self-pollina-
tion of PGP1/pgp1–2 pgp2/pgp2 plants and separated into green and
albino seeds. The separated seeds were immersed in Hoyer’s solu-
tion (50-g chloral hydrate, 3.75-g gum arabic, 2.5-ml glycerol, and
15-ml distilled water) for 1–48 h to make seeds transparent.
Embryos in the obtained transparent seeds were observed using
microscopy (BX60-34 FL, Olympus).
2.4. Mutant genotyping
For wild-type, pgp1–2 and pgp2, DNA was extracted from leaves
according to Mizoi et al. [18]. For genotyping of pgp1–2pgp2,
approximately 20 embryos were dissected from seeds under a light
microscope with a pair of tweezers. Dissected embryos were rinsed
with 10 mM Tris–HCl (pH 8.0) and 1 mM EDTA, and DNA was
extracted from the dissected embryos as described by Mizoi et al.
[18]. The pgp2 mutation was detected by PCR using the primers
50-TGCTTCGTAATCGTCATTCG-30 and 50-TGCTTGCCCAACTAATTT-
CA-30. The T-DNA insertion in the pgp1–2 was detected using the
primers 50-TTCCCTTAATTCTCCGCTCATGATC-30 and 50-TGCGCCGGA
AAAGAAAAGGTTG-30. PGP1 was ampliﬁed using the primers 50-AA
AGAGATGGCTGAGCGCAGAA-30 and 50-TGCGCCGGAAAAGAAAAG
GTTG-30.
2.5. Complementation of pgp1–2pgp2 double mutant with PGP2
PGP2 cDNA was ampliﬁed by RT-PCR using the primer set 50-AT
GTCTAGAATGGGTGAAGAAGACACCGCGACG-30 and 50-CCCCTCTAG
ACTACTTCTTTAGCAGTACTCTCCATATCTT-30. The nucleotide se-
quences including an XbaI site were added to the 50-end of the
primers. The ampliﬁed cDNA was digested with XbaI and ligated
into the XbaI site of the pBI121 vector without GUS gene to give
the desired in-frame product. The constructed plasmid was used
to transform the heterozygous PGP1/pgp1–2pgp2/pgp2 plants by
the ﬂoral-dip method [19] using an agrobacterium GV3101. The
transformants were obtained after selection of seeds on plates con-
taining MS medium with 50 mg/L Kanamycin and genotyped using
PCR as described above. The obtained trasnformants were grown
and self-fertilized to select transgenic pgp1–2pgp2 double mutants
carrying a PGP2 cDNA.2.6. Electron microscopy
Developing siliques were opened and embryos were dissected
from seeds under a light microscope with a needle and a pair of
tweezers. The dissected embryos were immersed and ﬁxed in 4%
paraformaldehyde and 4% glutaraldehyde in 20 mM cacodylic acid
overnight. Rinsed samples were post-ﬁxed in 1% KMnO4 in 20 mM
cacodylic acid buffer for 2 h. Rinsed samples were dehydrated with
alcohol and embedded in spurr resin (Taab, Berkshire, UK). Ultra-
thin sections were made with a diamond knife on an ultra-micro-
tome (ULTRACUT E, Leica, Vienna, Austria) and the resultant
sections were observed using a transmission electron microscope
(JEM-1200 EX, Jeol, Tokyo, Japan), as described previously [20].
Fig. 2. Intracellular localization of PGP2. PGP2-Tag-RFP and GFP were co-expressed
in onion epidermal cells (A–C). PGP2-TagRFP and mGFP6-HDEL were co-expressed
in onion epidermal cells (D–F). Green ﬂuorescence from GFP (A and D), red
ﬂuorescence from TagRFP (B and E) and combined images (C and F) of both green
ﬂuorescence and red ﬂuorescence were shown. Bars indicate 100 lm.
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Embryos of wild-type, pgp1–2, pgp2, and pgp1–2pgp2 were
dissected from seeds, rinsed with MS liquid medium several times,
transferred into 100 lL of MS liquid medium containing 1%
sucrose, 0.05% MES–NaOH (pH 5.7) and 370 kBq [32P] phosphate
(PerkinElmer), and incubated for 18 h at room temperature. After
the incubation, embryos were rinsed with 1% KCl and 20 mM EDTA
several times, boiled for 10 min in 100 lL of the same solution, and
subjected to lipid extraction as described by Bligh and Dyer [21].
The organic solvent phase was collected and spotted onto thin-
layer chromatography (TLC) plates (No. 5721; Merck). The TLC
plate was developed in chloroform/methanol/acetic acid (65:
25:8, v/v) or chloroform/methanol/28% NH4OH/water (60:30:
2.68:0.32, v/v) [9,22]. The developed plate was exposed to an imag-
ing plate and labeled lipids were visualized with BAS3000
(Fujiﬁlm). The intensity of radioactivity in phospholipids was
quantiﬁed using Image Quant TL software from General
Electronics.
3. Results and discussion
3.1. Characterization of the pgp2 mutant
A T-DNA tagged line (FLAG_498D04) carrying a T-DNA insertion
in pgp2 was obtained from INRA [12] to investigate the function of
PG synthesized through the PGP2-dependent pathway in Arabidop-
sis. However, the obtained line from INRA did not carry a T-DNA
insertion in PGP2, but contained a deletion. Thus, we used this
strain to further characterize the pgp2 mutant. The isolated pgp2
contained a 178-bp DNA deletion from the 30 terminus of the ﬁrst
intron to the 50 terminus of the second exon (+355 to +532 from
the translation initiation site, Fig. 1A and B), and lacked the 30
splice site at the border between the ﬁrst intron and the second
exon due to the deletion. To examine the structure of the pgp2
transcript, pgp2 cDNA was ampliﬁed and sequenced. An unusual
splicing event occurred at the second exon in the pgp2 mutant,
and the pgp2 cDNA contained a 57-bp deletion compared withFig. 3. Development of seeds and embryos of the wild type and pgp1–2pgp2. (A)
Greening and maturing seeds in an opened silique from wild-type (a and b) and
PGP1/pgp1–2 pgp2/pgp2 (c and d) plants after self-pollination. Arrowheads in (c)
and (d) represent pale green and aborted seeds. The bar indicates 0.5 mm. (B)
Genotyping of green and albino embryos isolated from green and albino seeds at
mature cotyledon stages after self-pollination of PGP1/pgp1–2 pgp2/pgp2 plant.
PGP1, pgp1–2 (T-DNA insertion in PGP1) and pgp2 were detected by PCR as
described in the text. (C) Development of embryos in green (a–d) and pale green
seeds (e–h) obtained from self-pollinated siliques of PGP1/pgp1–2 pgp2/pgp2 plants.
The embryos were observed during the heart (a and e), torpedo (b and f), curly
cotyledon (c and g), and mature cotyledon (e and h) stages. Bars indicate 100 lm.
(D) Complementation of the growth defect in the pgp1–2pgp2 double mutant by the
expression of PGP2 cDNA under the control of 35S promoter. pgp2 transformed with
PGP2 cDNA (a), pgp1–2pgp2 double mutant transformed with PGP2 cDNA (b), wild
type (c) and pgp1–2 (d) were grown on plates for 3 weeks.
Fig. 1. Structure of the PGP2 gene and a mutation in pgp2. (A) Structure of PGP2 and
a deletion in pgp2. Numbered boxes from 1 to 6 and lines represent exons and
introns, respectively. ATG, TAG and p(A) indicate the translation initiation codon,
the translation termination codon and the polyadenylation site, respectively. A
deletion of 178 bp between the 30 terminus of the ﬁrst intron and the 50 terminus of
the second exon, which was found in the pgp2, is also shown. (B) Genotyping of
wild-type, PGP2/pgp2 (hetero) and pgp2/pgp2 (homo) by PCR. (C) Structure of the
PGP2 and pgp2 transcripts. Black boxes represent exons. A deletion of 57 bp in pgp2
is also shown. (D) cDNA ampliﬁed by RT-PCR using total RNA extracted from wild-
type and pgp2/pgp2 (homo).
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ing frame of the PGP2 gene, suggesting that the PGP synthase
encoded by pgp2 contained a deletion of 19 amino acid residues
(Supplementary Fig. S1). In the deleted sequence, three amino acid
residues were conserved among PGP synthases, suggesting that the
protein encoded by pgp2 would not be active. To examine the phe-
notypic effect of the deletion in PGP synthase encoded by pgp2,
growth of the pgp2 mutant was compared to that of the wild-type.
pgp2 grew similarly to wild-type under normal growth conditions
(Supplementary Fig. S2). This suggested that the mutation in pgp2
had no phenotypic effects.
To examine whether the PGP synthase encoded by pgp2 could
complement an Escherichia coli mutant (S330) defective in PG bio-
synthesis, PGP2 and pgp2 cDNAs were introduced into S330. The PG
and cardiolipin (CL) contents were very low in S330 because the
mutant lacked PGP synthase activity, and CL is synthesized from
PG [23]. In the transformant with pBAD (empty vector), only
1.2% PG and 0.4% CL were detected (Supplementary Table 1). By
contrast, in the transformant with the PGP2 cDNA, 12.6% PG and
7.6% CL were detected, whereas in the transformant with the
pgp2 cDNA, only 0.8% PG and 1.1% CL were detected. These results
indicated that S330 was complemented by the expression of PGP2
cDNA, but not by pgp2 cDNA.
Since PGP2 encodes a PGP synthase, the PG content of the pgp2
mutant may be affected. To examine the effect of the pgp2 muta-
tion on PG biosynthesis, lipids were extracted from leaves, roots
and whole plants of 3-week-old wild-type and pgp2 plants, and
analyzed by TLC and gas chromatography (GC) (Supplementary
Fig. S3). In leaves, the SQDG content of pgp2 was slightly decreased
compared with the wild-type, whereas the PI content of pgp2 was
slightly increased. No major changes were observed in the lipid
composition of roots. In whole plants, the PG content of pgp2
was slightly decreased compared with the wild-type, whereas
the PI content of pgp2 was slightly increased. These results
suggested that PGP2 contributes to the biosynthesis of PG in whole
plants, although only slightly.
3.2. Intracellular localization of PGP2
PGP is synthesized in plastids, mitochondria and the ER in plant
cells [24]. Babiychuck et al. [9] expressed PGP1 fused to GFP in Ara-
bidopsis and found that PGP1 was targeted to chloroplasts and
mitochondria. By contrast, PGP2 expressed in yeast cells was tar-
geted to microsomes, but not mitochondria [11]. These ﬁndings
suggested that PGP1 was localized to chloroplasts and mitochon-
dria in plant cells. Although PGP2 was localized to microsomes,Fig. 4. Labeling of phospholipids with 32P-phosphate in embryos isolated from wild-type
phosphate, lipids were extracted from the embryos and separated by TLC. Labeled phosp
software (B).presumably to the ER, in yeast cells, localization of PGP2 in plant
cells remains obscure. To examine the intracellular localization of
PGP2 in plant cells, we transiently expressed a PGP2 fusion protein
with TagRFP (PGP2-TagRFP) in onion epidermal cells (Fig. 2). When
PGP2-TagRFP and GFP (cytosol marker) were co-expressed, PGP2-
TagRFP did not co-localize with GFP, especially nuclear region
(panels A–C). By contrast, when PGP2-TagRFP was co-expressed
with mGFP6-HDEL (an ER marker), which is a fusion protein of
mGFP6 with the signal peptide of pumpkin 2S albumin and the
ER retention signal HDEL, PGP2-TagRFP co-localized with mGFP6-
HDEL (panels D–F). These results suggested that PGP2 is localized
to the ER. However, further studies using different methods will
be required to determine the exact localization of PGP2 in plant
cells.
3.3. Embryo development in pgp1–2pgp2 seeds
We reported previously that the PGP1 gene is completely dis-
rupted by a T-DNA insertion in the pgp1–2mutant [7]. To construct
an Arabidopsis mutant completely defective in PG biosynthesis, we
crossed pgp1–2 with pgp2. The obtained PGP1/pgp1–2pgp2/pgp2
plants were back crossed to the wild type more than 3 times to ex-
clude possible other mutations and used for further experiments.
Fig. 3 shows the development of seeds in siliques of wild-type
and PGP1/pgp1–2pgp2/pgp2 plants. The siliques after self-pollina-
tion were dissected and observed using microscopy. In wild-type
siliques (Fig. 3A, panels a and b), normal green and desiccated
seeds were observed in developing and maturing stages, respec-
tively, and abnormal seeds were not observed during either stage.
By contrast, abnormal seeds were observed in the siliques of PGP1/
pgp1–2pgp2/pgp2 (Fig. 3A, panels c and d). Albino seeds were
observed during the developing stages, and they were shrunken
during seed desiccation. The ratio of abnormal to normal seeds
was 1:3 (110:331). These results suggested that abnormal seeds
observed in the siliques of PGP1/pgp1–2pgp2/pgp2 were homozy-
gotes of the pgp1–2pgp2 double mutant (pgp1–2/pgp1–2pgp2/
pgp2) caused by a single nuclear mutation. To conﬁrm that they
were homozygotes, DNA was prepared from 20 embryos dissected
from the albino seeds, after which PCR-based genotyping was per-
formed. DNA was also prepared from green embryos and used for
genotyping, but in this case, DNA was separately prepared from
individual embryos and DNA from each embryo was separately
used for genotyping. Since the green embryos are a mixture of
PGP1/PGP1pgp2/pgp2 and PGP1/pgp1–2pgp2/pgp2, PGP1 and pgp2
(but not T-DNA insertion in PGP1) were detected in green embryos
of PGP1/PGP1pgp2/pgp2 as shown in Fig. 3B, whereas PGP1, T-DNA, pgp1–2, pgp2, and pgp1–2pgp2. After 18 h of labeling the isolated embryos with 32P-
holipids were visualized with BAS3000 (A) and quantiﬁed using the Image Quant TL
Fig. 5. Ultrastructure of embryonic cells of wild-type, pgp1–2, pgp2, and pgp1–
2pgp2. (A), Wild-type; (B–E), pgp1–2; (F), pgp2; (G–J), pgp1–2pgp2. Bars indicate
500 nm. Chl, chloroplasts; Mt, mitochondria; O, oil body; Pl, plastids.
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(data not shown). By contrast, in the embryos from the albino
seeds, T-DNA and pgp2 (but not PGP1) were detected. These results
clearly demonstrated that albino seeds were homozygotes of the
pgp1–2pgp2 double mutant.
To examine embryo development in the pgp1–2pgp2 double
mutant, developing seeds obtained after self-pollination of the
PGP1/pgp1–2pgp2/pgp2 plant were made transparent by immersion
in Hoyer’s solution, and embryos in the seeds were observed using
microscopy (Fig. 3C). The embryos in the albino seeds were ob-
served as the pgp1–2pgp2 double mutant, whereas those in the
green seeds (PGP1/PGP1pgp2/pgp2 or PGP1/pgp1–2pgp2/pgp2) were
observed as controls. Compared to the controls (panels a–d), the
development of embryos in the pgp1–2pgp2 double mutant was
delayed, and the majority of embryos did not reach maturity (pan-
els e–h). In addition, the seed germination rate was severely re-
duced in the pgp1–2pgp2 double mutant.
To conﬁrm that the observed phenotype is related to the pgp2
mutation, but not caused by other mutations, heterozygous
PGP1/pgp1–2pgp2/pgp2 plants were transformed with the PGP2
cDNA under control of 35S promoter. The obtained transformants
were grown and self-fertilized to select transgenic homozygous
pgp1–2pgp2 double mutants carrying a PGP2 cDNA. The impair-
ment of embryogenesis observed in the double mutant was
complemented by the expression of PGP2 cDNA and the comple-
mented double mutant showed phenotypes of the pgp1–2 mutant
as shown in Fig. 3D. These results clearly demonstrated that the
impairment of embryogenesis observed in the double mutant
was caused by the introduction of pgp2 mutation, but not other
mutations, to the pgp1–2 mutant. As described below, embryos
of the pgp1–2pgp2 double mutant could not synthesize PG. These
results clearly demonstrated that PG biosynthesis is essential for
embryo development in Arabidopsis.
3.4. Biosynthesis of PG in pgp1–2pgp2 embryos
It is expected that the pgp1–2pgp2 double mutant cannot syn-
thesize PG, and the lack of PG biosynthesis in the mutant affected
embryo development. To examine PG biosynthesis in embryos,
phospholipids were labeled with [32P]-phosphate in isolated em-
bryos from wild-type, pgp1–2, pgp2 and pgp1–2pgp2. As shown in
Fig. 4, radioactivity was incorporated into phospholipids in the iso-
lated embryos of all plants after incubation with [32P]-phosphate.
The incorporation of radioactivity into PG decreased by 26%, 47%
and 98% in the pgp1–2, pgp2 and pgp1–2pgp2 embryos, respec-
tively, compared with the wild-type. These results demonstrated
that, in embryos, PGP2 has a higher contribution to total PG bio-
synthesis than PGP1, and that the pgp1–2pgp2 double mutant is
almost completely defective in PG biosynthesis. Additionally, PG
is primarily synthesized by PGP1- and PGP2-dependent pathways.
It is possible that no other pathways are responsible for PG biosyn-
thesis in Arabidopsis.
3.5. Structures of chloroplasts and mitochondria in embryonic cells of
pgp1–2 and pgp1–2pgp2
To examine the effect of pgp1–2 and pgp2 mutations on mem-
brane structures in embryonic cells, wild-type, pgp1–2, pgp2 and
pgp1–2pgp2 embryos were observed using transmission electron
microscopy (Fig. 5). In embryonic cells from wild-type (panel A)
and pgp2 mutant (panel F), chloroplasts with well-developed thy-
lakoid membranes were observed, whereas in embryonic cells of
the pgp1–2 (panels B–E) and pgp1–2pgp2 mutants (panels G–J),
chloroplasts with well-developed thylakoid membranes were not
observed. Instead, unusual internal membrane structures were
observed in some plastids of pgp1–2pgp2 (panel G). Moreover,enlarged mitochondria were observed in embryonic cells of the
pgp1–2 (panels D and E) and pgp1–2pgp2 mutants (panels I and
J). Although Bowman and Mansﬁeld [25] observed enlarged mito-
chondria in embryonic cells during the early globular stages in
wild-type, we observed mitochondrial sizes of 2 lm. Some of
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pgp1–2pgp2 mutants were much larger than wild-type embryos
during the early globular stages. These results demonstrated that
PG biosynthesis is required for the development and normal mem-
brane structure of plastids and mitochondria in embryonic cells.
We reported previously that, in the pgp1–2 mutant, develop-
ment of chloroplasts (but not mitochondria) was impaired in
leaves [7]. Babiychuck et al. [9] also reported that the development
of chloroplasts (but not mitochondria) was impaired in pgp1–4
leaves, although PGP1 is dual targeted to chloroplasts and mito-
chondria and the activity of PGP synthase in isolated mitochondria
from the mutant was very low compared to wild-type. In addition,
they also observed a signiﬁcant level of cardiolipin (CL), which is a
mitochondrial signature phospholipid synthesized from PG and
CDP-diacylglycerol, in the isolated mitochondria from the mutant.
Isolated mitochondria from the mutant showed similar activity to
wild-type. Based on these ﬁndings, they proposed that PG synthe-
sized through the PGP2-dependent pathway in ER is transported to
the mitochondria and used for CL biosynthesis. Thus, mitochon-
drial function and morphology were normal. In embryonic cells
of the pgp1–2 mutant, we observed abnormal mitochondria. This
ﬁnding suggests that PG produced via the PGP2-dependent path-
way at the ER is not transported efﬁciently to the mitochondria
in embryos. Similar mitochondrial phenotypes were observed in
embryonic cells of the pgp1–2pgp2 double mutant (Fig. 5, panels
I and J). Recently, Pineau et al. [26] reported that the mitochondrial
ultrastructure and respiratory functions were impaired in cls mu-
tants of Arabidopsis, which are defective in CL biosynthesis. Thus,
the abnormal mitochondrial structures in the embryonic cells of
pgp1–2 and pgp1–2pgp2 mutants observed in this study may be
caused by the lack of CL.4. Conclusions
In this report, we isolated a pgp2 mutant of Arabidopsis.
Although this mutant did not show any visible phenotypic differ-
ences compared to the wild-type, we found that PGP2 signiﬁcantly
contributed to PG biosynthesis in embryos. Detailed analysis of the
mutant focusing on phenotypes in embryos is required to deter-
mine whether PGP2 plays an important role in the organ. We
isolated a pgp1–2pgp2 double mutant of Arabidopsis and demon-
strated that the mutant embryos cannot synthesize PG. This is
the ﬁrst report of isolation of a mutant of higher plants that cannot
synthesize PG. Based on this mutant, we demonstrated that PG bio-
synthesis is required for embryo development and chloroplast bio-
genesis, as well as the development of thylakoid membranes and
the maintenance of membrane structures in mitochondria.
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